We examined the effects of structural and physiological acclimation on the photosynthetic efficiency of Scots pine (Pinus sylvestris L.) shoots. We estimated daily light interception (DLI) and photosynthesis (DPHOT) of a number of sample shoots situated at different positions in the canopy. Photosynthetic efficiency (ε) was defined as the ratio of DPHOT to the potential daily light interception (DLI ref ) defined as the photosynthetically active radiation (PAR) intercepted per unit area of a sphere at the shoot location. To calculate DLI ref , DLI and DPHOT, the radiation field surrounding a shoot in the canopy was first modeled using simulated directional distributions of incoming PAR on a clear and an overcast day, and estimates of canopy gap fraction in different directions provided by hemispherical photographs. A model of shoot geometry and measured data on shoot structure and photosynthetic parameters were used to simulate the distribution of PAR irradiance on the needle surface area of the shoot.
Introduction
Shade-tolerant conifer species typically combine a high leaf area index (LAI) with high productivity (Leverenz and Hinckley 1990) . The capacity to carry a large productive leaf area is achieved by shade acclimation, which allows shade foliage to photosynthesize efficiently despite limited light availability (Sprugel 1989 , Terashima and Hikosaka 1995 , Niinemets 1997 , Bond et al. 1999 . Shade acclimation in conifers involves changes in needle and shoot morphology (structural acclimation) as well as acclimation of the photosynthetic apparatus (physiological acclimation). Especially in conifers, structural and physiological acclimation have been difficult to separate because measurements of photosynthesis are commonly made at the shoot level. Enhanced photosynthetic performance of shade foliage has traditionally been attributed to physiological acclimation, although a number of investigations have emphasized the role of structural acclimation (e.g., Carter and Smith 1985 , Wang and Jarvis 1993 , Leverenz 1996 , Stenberg 1998 .
Morphological adjustments to shade in conifers include increases in specific needle area (SNA) and in the ratio of shoot silhouette area to total needle surface area (STAR; Niinemets and Kull 1995 , Stenberg et al. 1995 , Chen et al. 1996 , Sprugel et al. 1996 , Niinemets 1997 , Stenberg et al. 1999 . Sun shoots typically have a small STAR because of a greater packing of needle area in the shoot, whereas a characteristically "flat" shade shoot, with needles displayed mainly at the sides, has a large STAR. These mechanisms imply an increased efficiency of light capture as available light decreases, thus producing a less steep gradient in light interception from the top to the bottom of the canopy than would be the case without morphological adjustments (Stenberg 1996) .
We studied the effects of structural and physiological acclimation on the photosynthetic efficiency of shoots along the vertical gradient of light in a Scots pine (Pinus sylvestris L.) canopy. Like most shade-intolerant conifer species, Scots pine does not exhibit the characteristic sun and shade shoot pattern. Structural acclimation is known to occur as the result of changes in needle morphology (thickness, specific needle area, etc.) , but structural variations above the leaf level have rarely been considered , Leverenz 1996 , Stenberg 1996 .
The aim of this study was to assess the within-canopy differences in photosynthetic efficiency, defined as the ratio of the photosynthetic rate of the shoot to the availability of photosynthetically active radiation (PAR) at the shoot location. It is determined by the product of light interception efficiency, and the efficiency of PAR use in photosynthesis. As light-interception efficiencyis determined by structural properties of the foliage, whereas the efficiency with which intercepted light is used in photosynthesis is a function of physiological factors (photosynthetic parameters), this approach allows separate analysis of (1) the effect of structural acclimation on photosynthetic light capture, and (2) the effect of physiological acclimation on the conversion efficiency.
Calculations of daily light interception (DLI) and photosynthesis (DPHOT) of a number of sample shoots on a clear and an overcast day were used for the assessment. Daily light interception (DLI) was calculated based on simulated distributions of incoming PAR and measurements of canopy gap fraction in different directions, using a model of shoot geometry. Daily photosynthesis was estimated based on measured photosynthetic parameters of needle surface area elements and simulated distributions of PAR irradiance on the needle surface area of the shoot.
Definitions

Canopy openness
The fraction of open sky, referred to as canopy openness, is used here to characterize the light environment of a shoot. Canopy openness is defined as:
where gf(ω) denotes the canopy gap fraction around the direction ω of the upper hemisphere (Ω).
Light-interception efficiency
We define light interceptance of a shoot as the amount of intercepted PAR per unit needle area of the shoot. It is determined by the ratio of shoot silhouette area (light interception area) to total needle area (STAR), appropriately averaged with respect to the directional distribution of radiation around the shoot. As light interceptance varies temporally with changes in radiation conditions, it must be specified to concern some given time period. In the following analysis, daily light interceptance (DLI (µmol m -2 )) is considered and is formally obtained as:
where q(t,ω) and Q D (ω) represent momentary and daily PAR, respectively, incident from unit solid angle around the direction ω of the sky (Ω). Daily PAR (Q D (ω)) is the time integral of q(t,ω) over the day, D.
As a reference, we use the PAR intercepted per unit of a spherical surface at the shoot's location, integrated over the same period:
where DLI ref (µmol m -2 ) defines the available PAR with equal weights given to radiation incident from all directions of the sky. The ratio 1/4 in Equation 3 represents the ratio of projected area (light intercepting area) to total surface area of a sphere. The DLI ref is conceptually similar to the seasonal measure of the amount of available PAR (SLI 0 ), defined by Stenberg et al. (1998) , but SLI 0 was expressed per unit cross-sectional area (instead of total surface area) of a sphere.
The ratio of actual to potential light interceptance was used to quantify light-interception efficiency (ε I ) of a shoot:
where ε I is a function of structural properties of the shoot, and consequently was used as a comparative measure (between shoots) to assess the degree of structural acclimation. 
Conversion efficiency
Conversion efficiency (ε PHOT ), integrated over the day considered, is defined as the ratio of daily photosynthesis (DPHOT, µmol m -2 ) to DLI:
where ε PHOT depends on the photosynthetic parameters of the shoot, and has an upper limit defined by the quantum efficiency. The conversion efficiency (ε PHOT ) was used to assess the degree of physiological acclimation.
Integrated photosynthetic efficiency
The ratio of DPHOT to DLI ref , finally, is a measure of photosynthetic performance per unit of available light. It can be expressed as:
Differences in ε between shoots reflect the joint effect of structural and physiological acclimation on the efficiency with which the "available" PAR is converted to photosynthesis.
Materials and methods
Stand description
Measurements were made in August 1998 in a 22-year-old, partly closed, Scots pine canopy near Suonenjoki Research Station (62°39′ N, 27°05′ E) in central Finland. The stand is on a site of poor fertility. Stand density at the time of measurement was 7500 stems ha -1 , and mean tree height was 3.8 m.
In situ measurements
Measurements of shoot structure were made on 48 currentyear shoots from different positions in the canopy. The position (height, distance and direction from stem) and orientation (inclination and azimuth of the twig) of the shoots were measured before they were excised and transferred to the laboratory for silhouette area and structural measurements. After the sample was collected, a hemispherical photograph was taken at each shoot location. The photographs were analyzed with the CANOPY hemispherical photo analysis program (Rich 1989) , which provides total canopy openness as well as the gap fraction (gf ) separately for 18 inclination bands (width 5°) and eight azimuths (width 45°), i.e., for 144 different sky sections. Photosynthesis at the needle level was measured on a subsample of "sister shoots," i.e., shoots originating from the same previous year's shoot (the "mother shoot") as those used for structural measurements. The rate of CO 2 exchange was measured on a set of needles per shoot with a Li-Cor LI-6400 gas exchange system with an LED light source (Li-Cor Inc., Lincoln, NE). Cuvette temperature was maintained at 25°C and relative humidity at 40%. Each light response curve consisted of 10 measurements at decreasing PAR, with approximate values of 2000, 1500, 1000, 500, 250, 125, 75, 50, 25 and 1 µmol m -2 s -1 . After each change in PAR, the foliage was allowed to acclimate for at least 2 min and the gas exchange was typically measured 5-10 min after the irradiance change. The projected area of the foliage in the cuvette was calculated by multiplying the total width of all needles by the length of the cuvette (see Bond et al. 1999) . The CO 2 exchange measurements provided the parameters (light-saturated photosynthetic rate, dark respiration rate, compensation irradiance and apparent quantum efficiency) of the photosynthetic light response curves. Measurements on nine shoots situated along the vertical gradient in one of the sample trees were used for the efficiency analysis.
Structural measurements and calculation of STAR
Shoot silhouette area (SSA) in different directions was measured photographically with a Kodak DCS-460 digital still camera (2036 × 3060 diode matrix) and the ColAn image analysis package (ColorSoft 1998) . A set of six measurements were made so that the angle (φ) of the shoot axis to the plane of projection was changed in steps of 30°(φ = 0°, 30°, 60°, 90°, 120°and 150°). The procedure was repeated after rotating the shoot axis by 90°.
Measured shoot characteristics included shoot length and diameter, twig length and diameter, needle angle, number of needles, and needle length (mean of 10 needles). After making the morphological measurements, the projected needle area per shoot was measured photographically with the equipment that was used to measure shoot silhouette areas. Total needle surface area (TNA) was estimated as projected needle area multiplied by π (Johnson 1984 , Grace 1987 ; see also Ross et al. 1986 ). The STAR was calculated as described in Smolander et al. (1994) .
Simulation
Model simulations were performed to estimate DLI, DLI ref , and DPHOT. The simulations were performed at regular intervals during two "model days." Momentary values of light interceptance and photosynthesis were summed over the day to give the required daily values.
Directional distribution of radiation above and within the canopy
The model days were chosen to represent a clear and an overcast day in mid-August. The PAR irradiance on a plane normal to the sun at the top of the atmosphere (S 0 ) was given the value S 0 = 2700 µmol m -2 s -1 (Weiss and Norman 1985) . The irradiance of direct radiation penetrating through the atmosphere and incident on a plane normal to the sun's direction is given by I S m s = 0 τ , where τ is the transmittance of the atmosphere to direct sunlight in the zenith direction, and m (the air mass) is the ratio of the length of the solar path through the atmosphere to that in the zenith direction. The air mass is approximated by m = 1/cosθ s , where θ s is the solar zenith angle. The irradiance of diffuse radiation, incident from all directions of the sky, is commonly expressed on the horizontal plane, and is given by I S dh d s = 0 τ θ cos , where τ d is the atmospheric transmittance to diffuse skylight.
For the clear day, the transmittances were set to τ = 0.7 and τ d = 0.271 -0.294τ m , respectively (Liu and Jordan 1960, Gates 1980) . For the overcast day, the direct solar component was put to zero (τ = 0, I s = 0), and diffuse transmittance was set to τ d = 0.35. The angular distribution of diffuse radiation was in both cases assumed to be uniform (isotropic sky radiation). This assumption implies that the radiance (irradiance per unit solid angle) in any direction of the sky equals I dh /π.
Total irradiance incident from a given solid angle (dω) of the sky (the upper hemisphere) at the moment (t) (see Equation 2) can now be expressed as the sum:
where the function χ equals 1 if the sun's direction is contained in dω, and 0 if otherwise. The directional distribution of radiation within the canopy, i.e., at the shoot locations, was obtained by multiplying q(t,ω)dω by the gf in the corresponding section of the sky (obtained from the hemispherical photos). This produced a discrete distribution (a matrix) containing the momentary values of PAR incident on the shoot from the 144 different sky sections.
Simulated above-canopy values of DLI ref over the course of the clear and overcast day were 18.9 and 11.3 mol m -2 , respectively. These values represent the daily amounts of PAR (quanta) intercepted by a sphere at the top of the canopy, divided by the total surface area of the sphere (Equation 3).
Distribution of irradiance on the shoot A slightly modified version of a previously developed model of shoot geometry for Scots pine ) was used as a tool to produce the distribution of PAR irradiance on the needle surface area of the shoots. The model assumptions were: (i) needles are of the same size and cylindrical in shape; (ii) needles are evenly positioned along the shoot axis (the twig); (iii) the angle between a needle and the shoot axis (the needle angle) is constant; and (iv) the needle orientation relative to the shoot axis follows a Fibonacci phyllotactic arrangement. A divergence angle of 8/13 × 2π between successive needle pairs was used to represent Scots pine (Cannell and Bowler 1978) . The angle between the two needles in a fascicle was set to π/13.
The procedure to derive the irradiance distribution (f(I,t)) on the needle surface area of the shoot at a particular moment (t) was as follows. The shoot was computer generated according to the rules in the shoot model. Fifty points from each needle on the shoot were chosen to represent the needle surface area, and the irradiance of PAR was calculated at each point (total number of points = 50 × number of needles in the shoot). The irradiance received at the needle surface elements, represented by the sample points, was the sum of radiation incident from each of the 144 sky sections multiplied by the gap fraction and weighted by the cosine of the angle between the normal to the surface element and the direction of radiation (represented by the midpoint of the corresponding sky section). For each direction, we tested whether it was obscured by the shoot itself (twig or needles), in which case the contribution to the irradiance from the corresponding sky section was set to zero. Simulations of the distribution of irradiance on the shoot's needle area were performed 15 times during the day (sunrise to sunset) using a constant time step (dt = daylength/15).
The mean irradiance on the needle surface area (I shoot ; µmol m -2 s -1 ) represents the momentary light interceptance (cf. Equation 2):
Mean irradiance on the needle surface area (I shoot ) was estimated as the mean of the simulated irradiance distribution, f(I,t), and DLI was approximated by summing I shoot × dt over the day.
Photosynthesis The relationship (Hanson et al. 1987) :
was fitted to the measured rates of photosynthesis per unit projected needle area (PNA The photosynthetic light response curve of a needle element (P e ) was estimated on the assumption that during the measurements, the irradiated (photosynthesizing) needle area was π/2PNA and the (mean) irradiance on that area was I2/π. The light-saturated photosynthetic rate and the compensation irradiance for a needle surface area element consequently were estimated as A max 2/π and Γ2/π, respectively, and the respiration rate as R d /π. By these assumptions, the gross rate of photosynthesis per unit total needle surface area is obtained as 2/π(P N + R d ), and the net photosynthetic rate as:
The rate of shoot photosynthesis (P S ) at a particular moment (t) was obtained by integrating the needle response function (P e ) with respect to the simulated distribution function f(I,t) of irradiance on the needle surface area:
The daily photosynthesis is obtained as: 
where the daily irradiance distribution (F D ) is defined as:
Daily photosynthesis (DPHOT) was calculated by summing P s (t)dt over the day (with dt = daylength/15).
Results
Canopy openness and the structural properties of needles and shoots
Shoots were sampled at canopy positions (heights) ranging from 0.7 to 5.1 m. Canopy openness, determined from the hemispherical photographs, varied between 0.22 and 0.87. Structural properties of the sample shoots are summarized in Table 1 . Values of STAR ranged from 0.098 to 0.216 (mean 0.153) and SNA from 98 to 196 cm 2 g -1 (mean 152 cm 2 g -1 ). Both STAR and SNA showed a strong negative correlation with canopy openness; the correlation coefficients were -0.86 and -0.83, respectively (Figure 1) .
The correlation coefficients between canopy openness, STAR, and different shoot and needle characteristics are given in Table 2 . The two smallest shoots (twig lengths of 0.8 and 1.2 cm), which had exceptionally high needle area densities, were omitted from the correlation matrix. Mean STAR was positively correlated with needle angle (N a ) and needle number density (N n /T l ). In contrast, twig length (T l ), needle length (N l ), size of shoot cylinder (V c ), total needle area of the shoot (TNA), as well as needle area density (TNA/V c ) and needle area packing (TNA/T l ), were all negatively correlated with STAR. The needle area packing (TNA/T l ) explained 90% of the variation in STAR.
Photosynthesis in shoots
Openness for the nine shoots chosen for the efficiency analysis ranged from 0.29 to 0.87. Two of these shoots, a sun shoot and a shade shoot (openness = 0.84 and 0.32, respectively) were selected for demonstration purposes. In addition to a large difference in openness, criteria used in the selection were that the sun shoot should have a higher light saturated photosynthetic rate (A max ) and dark respiration rate (R d ) than the shade shoot, but approximately similar apparent quantum efficiency (Φ). Values of A max for the selected shoots were 13.54 and 8.10 µmol m -2 s -1 for the sun shoot and shade shoot, respectively; values of R d were -1.14 and 0.75 µmol m -2 s -1 for the sun shoot and shade shoot, respectively; and values of Φ were 0.047 and 0.042 for the sun shoot and shade shoot, respectively. (Notice that A max and R d are expressed per unit PNA (see Equation 9 ).)
Calculations of DLI and DPHOT required the irradiance distribution on the needle area, which was simulated by the shoot model. Thus, the accuracy of the results depends on how well the simulated distributions mimicked the "true" distribution. The agreement could not be tested directly, but comparison between modeled and measured STAR provided an indirect test of how well the shoot structure was described by the model (Figure 2 ). Notice that, in isotropic radiation, I shoot is proportional to STAR (Equation 8). Modeled STAR consequently was represented by the simulated relative mean irradiance on the shoot's needle surface area in an isotropic radiation field. In measured STAR, the twig surface area was added to the denominator because it was also included in the measured SSA. Modeled STAR agreed reasonably well with the measured STAR, although, on average, the simulated values were 6% smaller than the measured ones (Figure 2) .
The daily irradiance distributions (F D , Equation 13) for the sun and shade shoots during the clear and the overcast day are shown in Figure 3 . Because the distributions are simulated on the total needle surface area of the shoots, most of the values (80-86%) fell in the lowest irradiance class (< 90 µmol m 2 s -1 ) in both conditions. During the clear day, the maximum irradiances received by the sun shoot were close to the values above the canopy, whereas on the shade shoot they did not exceed 800 µmol m -2 s -1 . During the overcast day, the shape of the irradiance distributions was similar on both shoots. The clear and overcast day estimates of the available PAR (DLI ref ) at the location of the shoots were 16.9 and 9.4 mol m -2 , respectively, for the sun shoot, and 3.3 and 3.1 mol m -2 , respectively, for the shade shoot. The difference in actual DLI between the sun and the shade shoot was considerably smaller than the difference in DLI ref . Daily interceptance of the sun shoot over the clear day was 6.7 mol m -2 compared to 2.3 mol m -2 for the shade shoot. For the overcast day, the difference still decreased, being 3.4 mol m -2 for the sun shoot and 2.1 mol m -2 for the shade shoot.
Light-interception efficiency
Light-interception efficiency (ε I ) decreased linearly with openness in both clear and overcast conditions (values ranged from 0.68 to 0.36 and from 0.67 to 0.36, respectively; Figure 4) . This implies that the most shaded shoots were nearly TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SHOOT STRUCTURE AND PHOTOSYNTHETIC EFFICIENCY 809 Figure 1 . Spherically averaged shoot silhouette to total needle area ratio (STAR) (A), and the specific needle area (SNA) (B) as a function of canopy openness at the shoot's location.
twice as efficient as sun shoots in capturing available PAR.
There was a strong positive correlation (r = 0.99) between ε I and 4STAR ( Figure 5 ). In overcast conditions the ratio of ε I to 4STAR was close to 1, but in clear sky conditions it was somewhat higher. In an isotropic radiation field, ε I equals 4STAR. The same is true if there is no variation in STAR with direction. Thus for ε I to exceed 4STAR, some directionality (anisotropy) of the radiation field surrounding the shoot is required. Moreover, the shoot must be oriented so as to take advantage of this directionality (e.g., have large STAR in the direction of a gap). The first condition (anisotropy) is always fulfilled inside a canopy, but directionality of the radiation field is more accentuated during clear skies. This means that the potential gain (increased light interception) achieved by a specific shoot orientation is better realized during clear than overcast days. Results support this interpretation, but indicate that the effect of shoot orientation on light-interception efficiency is rather marginal. In summary, the twofold increase in ε I resulted from changes in shoot structure.
Conversion efficiency
Conversion efficiency (ε PHOT ) reflects a combination of photosynthetic parameters: light saturated rate (A max ), dark respiration rate (R d ), and quantum efficiency (Φ) so that the relative importance of these parameters varies with radiation conditions. The trends of A max , R d and Φ with canopy openness (Figures 6A-C) were in accordance with what would be predicted from "theory;" however, there was a large scattering.
The parameter values (A max and R d in Figures 6A and 6B) for the nine shoots, as well as the photosynthetic light response curves (measured points and fitted model curves) for the selected sun and shade shoot ( Figure 6D ) are expressed per unit PNA. Notice that DPHOT was calculated using net photosyn-810 STENBERG, PALMROTH, BOND, SPRUGEL AND SMOLANDER TREE PHYSIOLOGY VOLUME 21, 2001 Table 2 . A Pearson correlation matrix, where correlation coefficients between the mean shoot silhouette area to total area ratio (STAR), openness at shoot location, twig length (T l ), shoot volume (V c ), needle angle (N a ), total needle area (TNA), needle length (N l ), specific needle area (SNA), needle area density (TNA/V c ), needle area packing (TNA/T l ) and needle number density (N n /T l ) are given. thetic rates of a needle area element (see Equations 9-12). Daily net photosynthesis (DPHOT) varied between 0.03 and 0.10 mol m -2 (the range in clear and overcast conditions were similar). The variation in ε PHOT was smaller; the maximum difference between days being approximately twofold ( Figure 7A and 7B). Conversion efficiency (ε PHOT ) was more closely related to the radiation conditions (clear versus overcast) than to openness. The estimates of ε PHOT were far from their theoretical upper limits set by Φ. In overcast conditions, ε PHOT of the selected sun and shade shoot were 71 and 58% of the values of Φ, respectively. The corresponding relative values under clear skies were 38 and 47%.
Under clear skies, the highest values of ε PHOT should be achieved by shade shoots, receiving a larger part of DLI from irradiances below the saturating values than sun shoots (see Figure 3 ). However, this was only partly true here because two of the shoots with low openness values still received considerable amounts of direct PAR due to gaps in midday sun directions, from which the largest part of daily direct sunlight is received. Conversion efficiency (ε PHOT ) of these shoots, consequently, was limited by a small A max . In overcast conditions, in turn, PAR received on both sun and shade shoots was generally not saturating (see Figure 3) , implying that shoots with high Φ and A max (and consequently slower saturation of the response curve) were most efficient. The selected sun shoot had a somewhat higher Φ than the shade shoot, which explains why it also had a slightly higher ε PHOT than the shade shoot in overcast conditions.
Photosynthetic efficiency
The effects of ε I and ε PHOT are combined in the photosynthetic TREE PHYSIOLOGY ONLINE at http://heronpublishing.com SHOOT STRUCTURE AND PHOTOSYNTHETIC EFFICIENCY efficiency (ε), which describes the photosynthetic performance per unit available light (Figure 8) . The values of ε decreased with increasing openness from 0.014 to 0.003 in clear sky conditions and from 0.017 to 0.006 in overcast conditions. Photosynthetic efficiency (ε) and ε I both correlated negatively with openness so that the correlation was higher for ε I on clear and overcast days (r = -0.88 and r = -0.94, respectively) than for ε on clear and overcast days (r = -0.65 and r = -0.58, respectively), whereas for ε PHOT on clear and overcast days the correlation was weak (r = -0.33 and r = 0.33, respectively).
Differences in efficiencies can be demonstrated when the performance of characteristic sun and shade shoots are compared (see Figure 9 ). Shade shoots had higher ε I (more efficient structure) and under clear skies, the shade shoots were more efficient in converting intercepted light, although they had a lower A max . In diffuse radiation, however, the sun shoots had higher ε PHOT . As a result, shade shoots had a higher ε (structural and physiological effects combined) in both radiation conditions; however, the difference was smaller in overcast conditions. The ratio of ε (shade shoot) to ε (sun shoot) was 2.4 for the clear day, and 1.5 for the overcast day. The corresponding ratios for ε I were 1.7 and 1.9, and 0.7 and 1.9 for ε PHOT .
To evaluate the significance of the shade acclimation, the sun shoot was transferred to the location of the shade shoot, i.e., simulation of DPHOT was performed for the sun shoot in the light environment of the shade shoot. The DPHOT of the sun shoot when put in shade was only half that for the shade shoot in its original position (Figure 9 ). This was because of higher respiration rate and compensation irradiance combined with lower interception efficiency.
Discussion
Experimental studies on physiological shade acclimation in conifers have traditionally been based on measurements of photosynthesis at the shoot level. The observed variation in the photosynthetic parameters has been attributed to physiological acclimation, not always recognizing that these parameters, measured at the shoot level, depend on shoot structure (Smolander et al. 1987, Wang and Jarvis 1993) . Current techniques allow photosynthesis to be measured at the needle level, which eliminates most of the variation caused by shoot structure, so that only the effect of needle ultrastructure remains difficult to interpret (Stenberg et al. 1995 and references therein) . A question still under discussion is how needle photosynthesis should be expressed. Some arguments support the use of total surface area, instead of the traditionally used "one-sided" needle area. It should be recognized, however, that the implicit assumption in the surface area approach, i.e., that all sides of a needle photosynthesize independently and with equal efficiency, is not precisely true (Leverenz and Jarvis 1979) . Given the photosynthetic parameters of a needle, or rather a needle surface area element, the role of structural acclimation can be assessed separately from physiological acclimation by investigating how shoot structure affects the distribution of PAR on the needle surface area elements.
Models and methods to describe coniferous shoot structure and to quantify the effect of structure on light-interception efficiency have evolved during recent years (Wang and Jarvis 1993 , Leverenz 1996 , Stenberg 1996 , Sprugel et al. 1996 . From these procedures it is fairly straightforward to quantify the effect of a change in, say, needle angle on PAR interception of an individual shoot placed in a presumed radiation environment. However, results from such exercises offer no means of estimating the role of acclimation on total canopy photosynthesis, i.e., of scaling-up from the needle or shoot level to the canopy level. An important but poorly recognized aspect of structural acclimation is its dual nature at the canopy level, i.e., structural adjustments that affect light-interception efficiency of individual needles and shoots simultaneously alter the availability of light at different canopy positions.
In this paper we present a novel method to estimate separately the effects of structural and physiological acclimation on shoot photosynthesis. Photosynthetic efficiency, defined as the ratio of daily photosynthesis to daily light interception (ε = DPHOT/DLI ref ), was expressed as the product of light-inter- ception efficiency (ε I = DLI/DLI ref ) and conversion efficiency (ε PHOT = DPHOT/DLI). The component ε I varies with shoot structure, and was used as a measure of the effect of structural acclimation on photosynthetic efficiency. Conversion efficiency (ε PHOT ) depends on photosynthetic parameters, and was used as a measure of the effect of physiological acclimation.
The method was applied with empirical data on needle and shoot structure, and photosynthetic parameters along the vertical gradient of PAR in a Scots pine canopy. The results showed a clear trend in light-interception efficiency (ε I ) as a function of canopy openness. The observed doubling of ε I from the top to the bottom of the canopy indicates that, for a fixed amount of available PAR, shade shoots intercept twice as much per unit needle area as sun shoots. The same pattern has been observed in shade-tolerant species such as Norway spruce (Picea abies (L.) Karst.) and Pacific silver fir (Abies amabilis Dougl. ex J. Forbes) (Sprugel et al. 1996 , Stenberg et al. 1999 ), but was not expected for a shade-intolerant species.
The variation in ε PHOT was smaller than in ε I . Photosynthetic conversion efficiency (ε PHOT ) was less related to canopy position (openness) than to above-canopy radiation conditions (clear versus overcast). Because of the nonlinearity of the light response curve, ε PHOT depends on the amount of PAR received at saturating irradiances. The question of what would be the typical or ideal physiological acclimation of sun and shade foliage remained unclear. A high quantum efficiency (Φ) and light-saturated photosynthetic rate (A max ), combined with a low respiration rate (R d ), would maximize ε PHOT in any radiation conditions. However, there is a trade-off between the photosynthetic parameters that does not allow this combination (e.g., Björkman 1981) . The value of Φ has not been found to differ between sun and shade foliage (Kull and Koppel 1987 , Bond et al. 1999 , Schoettle and Smith 1999 , which means that the parameter "choices" are either small R d and low A max , or large R d and high A max . Of these combinations, the former is generally attributed to shade foliage and the latter to sun foliage, and this pattern could be seen in our material as well. Photosynthetic conversion efficiency (ε PHOT ) of shade foliage was similar to that of sun foliage despite a lower photosynthetic capacity.
To demonstrate quantitatively the overall effect of shade acclimation, we calculated DPHOT of a characteristic sun shoot in the light environment of a characteristic shade shoot. The combined effect of higher respiration rate and compensation irradiance, together with lower interception efficiency, caused DPHOT of the sun shoot to be only half that of the shade shoot in its original position (Figure 9 ).
Limited data did not allow scaling from shoot to canopy in the present study. Moreover, the estimates of DLI and DPHOT were imprecise because of the low resolution of both the hemispherical photos and the software used to analyze the photos. Ideally, a description of the spatial distribution of direct sunlight within a coniferous canopy requires that the pixel size be smaller than the apparent solar disk, taking into account the diameter of the needles and the depth of the canopy. Currently available high-resolution digital cameras achieve this resolution, and we believe that, given more extensive empirical data, the method we have described can be used successfully to estimate quantitatively the role of acclimation on total canopy photosynthesis.
